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Abstract
Measurements of coherent tune shifts with current and head
tail growth and damping rates have been performed at 26
and 120 GeV. They allow an estimate of the global real and
imaginary parts of the transverse SPS impedance. Multi-
turn beam position data was recorded as well at differ-
ent intensities to gain information on the distribution of
impedance around the ring. The global results from 2000
are compared with the 1999 results to see if there are first
measurable effects from the impedance reduction efforts,
which started in the last shutdown.
1 INTRODUCTION
The principle of impedance measurements based on coher-
ent tune shift and head-tail growth and decay rates is based
on Sacherer et al. [1].
The electromagnetic fields associated with a moving
bunch produce wake fields in the surrounding vacuum
chamber which act back on the bunch. The main features of
this interaction can be illustrated using a single broad-band
oscillator, with a wake function as shown in Fig. 1.










Figure 1: Wake function of the transverse (Q = 1) broad
band resonator.
In the time domain, the effect of the vacuum chamber is
described by the complex impedance function, which is re-
lated to the wake function by Fourier transform. For the
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Figure 2: Typical (broad band, Q = 1) transverse
impedance as function of frequency (bottom x-scale: fre-
quency normalized to the resonance frequency fr, top x-
scale: absolute frequency, with fr = 1.3MHz). The de-
pendence on chromaticity for 26 and 120 GeV in the SPS,
is also shown by the additional axes at the bottom.
The effect on the betatron motion of the bunch centroid is





π ωβ (E/e)T0 σt
i(Z⊥)eff (2)
where N is the number of particles in the bunch, E its en-
ergy, T0 the revolution frequency, σt = σz/c the bunch
length and ωβ = 2πQ the betatron frequency. (Z⊥)eff is
the effective transverse impedance, which is the impedance
convoluted with the Gaussian bunch spectrum of the form
exp(i ω2ξσ
2
t ). The frequency of the head-tail motion de-





The Gaussian bunch spectrum (dotted curve) and axes with
frequencies as function of chromaticity as relevant for the
measurements described here are also shown in Fig. 2.
Note that there is a factor of i in Eq. (2). The imaginary
part of Z⊥ produces a (real) coherent tune shift and the
real part an imaginary tune shift or decay for ξ > 0 (we are
above transition, η > 0) and growth of betatron motion for
ξ < 0.
The imaginary part of Z⊥ is expected to be constant
at low frequency and directly proportional to the coherent
tune shift as obtained from tune measurements as func-
tion of intensity for a well adjusted, approximately lin-
ear machine for small positive chromaticity. For the real
part we expect a linear variation with head-tail frequency
ReZ⊥ ∝ ωξ ∝ ξ.
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2 DATA, MEASUREMENTS
Here only a short description of the experimental condi-
tions. More details can be found in an MD-note [2]. Sim-
ilar measurements have also been done in 1999 and were
described in last years Chamonix [3] and a detailed MD
note [4]. The measurements are done with single bunches
in the SPS.
One aim has been to perform the measurements at sim-
ilar conditions, such that changes of the impedance with
time would be directly visible, independent of any model
assumptions. In particular, it was tried to measure always






02/06/00, 26 GeV        < σt> = 0.53 ± 0.5 ns
19/07/00, 120 GeV      < σt> = 0.51 ± 0.7 ns
02/10/00, 26 GeV        < σt> = 0.445 ± 0.7 ns
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Figure 3: Measured bunch lengths (in σ from a fit to a
Gaussian).
The bunch intensities were varied in the range of about 1
– 10× 1010 protons by vertical scraping in the SPS. Emit-
tances were monitored using the wire scanner. Horizontal
emittances were rather constant, typically 2 mm mrad.
A new, automatic logging procedure with common di-
rectories for the tune spectra and intensity (BCT) data, was
used and allowed to record of the order of 100 datasets per
MD shift. The tune spectra are obtained by fast Fourier
transform (FFT) from a sampling of 212 = 4096 suc-
cessive turns. Precise tune values are calculated off-line
using an optimized algorithm with windowing and peak-
interpolation. This allowed to still obtain a significant re-
sult in the horizontal plane at 120 GeV, were the effect is
rather small, see Fig. 4. The scattering of individual mea-
surements from the straight line implies uncertainties of
only 4× 10−5 on individual tune measurements.
The raw results of all coherent tune shift measurements
done in 1999 and 2000 are summarized in Table 1. Since
bunch lengths were similar, the results at a given energy
can directly be compared.
Together with the measured bunch length and the knowl-
edge of the beam energy, we can now use Eq. (2) to calcu-
late the effective transverse impedances. The results are
listed in Table 2. ImZy was measured reproducibly on the
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Qv     ∆Q / ∆N =  -57 ± 1   x 10-5
Qh     ∆Q / ∆N =  +4.8 ± .15   x 10-5
Figure 4: Measured coherent tune shifts with intensity at
120 GeV.
are compatible, with maybe a first indication of a slight
decrease of order 10%. The compatibility of the 26 and
120 GeV results suggests that there is no significant bias





with the geometrical radius R = 1100 m of the SPS and an
effective chamber half-height of b = 33 mm (based on [5])
for Zy results in an effective Z/n of
Z
n
= 4.97× 10−7m · 26MΩ/m = 13Ω . (5)
Table 2 also shows that the results in the horizontal
plane are much smaller in magnitude and of opposite sign
compared to the vertical plane. This implies significant
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Figure 5: Change of the SPS averaged vertical phase ad-
vance with intensity (localization of impedance).
The SPS is equipped with many beam position moni-
tors. They can be read out in multi-turn mode, with the
possibility to obtain localized impedance measurements as
pioneered in LEP [6, 7]. In a first step, the multi-turn
data is used to measure the phase advance around the ring.
The comparison of such measurements taken at high and
low intensities then indicates how the coherent tune shift
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Table 1: Coherent tune shift measurements
date P [GeV/c] ∆Qx/∆Np[1010] ∆Qy/∆Np[1010] σt [ns]
13/08/1999 26 (+24± 2)× 10−5 (−18± 2)× 10−4 0.77± 0.14
23/08/1999 26 (+58± 6)× 10−5 (−29± 1)× 10−4 0.47± 0.05
17/09/1999 26 (+21± 4)× 10−5 (−36± 2)× 10−4 0.53± 0.02
10/11/1999 26 (+23± 2)× 10−5 (−29± 1)× 10−4 0.58± 0.03
02/06/2000 26 (+48± 4)× 10−5 (−32± 1)× 10−4 0.53± 0.05
02/10/2000 26 (−10± 3)× 10−5 (−31± 1)× 10−4 0.45± 0.05
19/07/2000 120 (+4.8± .15)× 10−5 (−5.7± .1)× 10−4 0.51± 0.07
Table 2: Im (Z⊥)eff from the coherent tune shift with intensity.
date P [GeV/c] Im (Zx)eff in MΩ/m Im (Zy)eff in MΩ/m
13/08/1999 26 −3.3± 0.7 25± 6
23/08/1999 26 −4.8± 0.7 24± 2
17/09/1999 26 −2.0± 0.4 33± 3
10/11/1999 26 −2.4± 0.3 30± 2
average 1999 26 −2.6± 0.2 28 ± 2
02/06/2000 26 −4.4± 0.5 29± 3
02/10/2000 26 +0.8± 0.3 24± 3
ave. 2000 26 GeV 26 −0.2± 2.0 27± 3
19/07/2000 120 −2.0± 0.3 23± 3
average 2000 −0.9± 1.8 26 ± 3
with current accumulates around the ring, see Fig. 5. With
present errors it is hard to draw any definite conclusion.
There may be some first indication of steps (non-negligible
local impedance contributions) in the injection, rf and ex-















FFT on 128 turn subwindows
Figure 6: Vertical turn to turn amplitudes recorded with the
tune meter on successive turns. The vertical chromaticity
was set negative at the start of the measurement.
Fig. 6 shows a data set used for the determination of a
growth rate. FFT is applied to (128 turn half overlapping)
subwindows and the growth determined from the peak am-
plitudes. Data at noise level or above saturation (with in
some cases losses of intensity) are excluded from the anal-
ysis.
Fig. 7 summarizes the results obtained as function of
chromaticity at 120 GeV. The results are compatible with
a straight line (as expected for ReZ⊥ for the broad band
oscillator at small frequencies, see Fig. 2). The top scale in
Fig. 7 is directly in frequency (the measurements extent to
about 0.4 GHz). It could be interesting in future to try and
still cover a larger range in chromaticities to map the fre-
quency dependence of the impedance. Positive chromatic-
ities result in negative growth or damping (as expected for
η > 0). With the observed linear dependence on frequency












for a broad band resonator. The results of the year 2000
growth rate measurements are summarized in Table 3.
In the vertical plane, the coherent tune shift result of
ImZ⊥ = R⊥/Q = 26 ± 3MΩ/m and the growth rate
result of Zre = R⊥/Q2 = 11 ± 3MΩ/m are compatible
with a broad band oscillator of frequency fr = 1.3GHz
and Q = 2.4.
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Table 3: Zre from the slope of the growth rates with chromaticity.
date P [GeV/c] Zre,x in MΩ/m Zre,y in MΩ/m
10/11/1999 26 8.4± 0.5
02/06/2000 26 3.5± 0.5 10.8± 1.1
02/10/2000 26 4.2± 0.9 8.9± 1.6
19/07/2000 120 18.5± 2.6
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where p1=-3.92655E-05 +/- 0.00583971
where p2=-1.40064 +/- 0.0205126 scaled for χ 2/n=1
zero chromaticity is at setting 0.240172 +/- 0.00416931
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Figure 7: Growth rate of the vertical (0-mode) head-tail
instability (in units of 10−3/turn, for 1010 protons/bunch)
measured at 120 GeV on the 20/7/2000 as function of chro-
maticity ξ.
3 SUMMARY, CONCLUSION
The imaginary part of the effective vertical impedance was
measured reproducibly to better than 20%. There is a
first indication of a decrease from 1999 to 2000 of order
10%. The imaginary part of the horizontal impedance is
much smaller than in the vertical plane and has the oppo-
site sign. Additional information is available from growth
and decay rates (on the frequency dependence) and from
an analysis of multi-turn data (on a localization of the
impedance). There is a major effort to reduce the SPS
impedance (shielding of pumping ports, removing the now
obsolete (lepton) components). It will be very interesting
to continue and further refine impedance measurements in
2001 and beyond.
4 ACKNOWLEDGEMENT
The measurements were done together with G. Arduini,
F. Zimmermann, M.P. Zorzano and J. Klem. Thanks to
P. Baudrenghien for the RF-setup, K.Cornelis, L. Normann
and M. Albert (logging), to the PS division for the repro-
ducible MESPS beams and J. Gareyte, D. Brandt, L. Vos
and G. Rumolo for interesting discussions.
5 REFERENCES
[1] F. Sacherer, “Single-beam collective phenomena,
Transverse, Bunched Beams.” Proceedings of the 1976 Erice
school on accelerators, M.H. Blewett (Ed.), CERN yellow
report 77–13, (1977) p. 198 ff.
[2] G. Arduini, H. Burkhardt, F. Zimmermann, and M. Zorzano,
“Measurements of the SPS single bunch coherent tune shifts
and head-tail growth rates in the Year 2000.” CERN,
SL-Note-2001-002 MD.
[3] M. Zorzano. Proc. of the workshop on LEP-SPS
performance Chamonix 10, CERN SL/2000-007 (DI)
(2000),p. 78.
[4] G. Arduini, H. Burkhardt, K. Cornelis, Y. Papaphilippou,
F. Zimmermann, and M. Zorzano, “Measurements of
coherent tune shift and head-tail growth rates at the SPS.”
CERN, SL-Note-99-059 MD, 15-12-1999.
[5] L. Vos, “Computer calculation of the longitudinal impedance
of cylindrically symmetric structure and its application to the
SPS,”. CERN SPS/86-21 (MS).
[6] D. Brandt et al., “Measurement of impedance distributions
and instability thresholds in LEP,”. Presented at the 16th
Biennial Particle Accelerator Conference - PAC 95, Dallas,
TX, USA, 1 - 5 May 1995.
[7] J. Klem, G. Arduini, and G. Morpurgo, “Multiturn
measurements at the CERN SPS,”. CERN-SL-2000-039-OP
and Proc. EPAC 2000.
Chamonix XI100
